Algicidal bacteria that attack Dolichospermum crassum were isolated from the Karasuhara D. crassum was detected from August to November. At its peak frequency (in early October), it accounted for 23% of all phytoplankton cells. Heterotrophic bacteria were isolated from the surface water, and an algicidal assay was conducted. As a result, 3 out of 47 bacterial strains showed strong algicidal activity, and they completely destroyed the trichomes of D. crassum. An initial inoculation dose of only 1.0 × 10 2 cells ml À1 of these strains was enough to digest D. crassum. These strains were identified as Rheinheimera spp. according to 16S rDNA sequence analyses. This is the first report about algicidal bacteria that attack D. crassum. Algicidal bacteria could be key agents for controlling D. crassum in reservoirs.
INTRODUCTION
Musty odor is a worldwide problem for drinking water supplies. In Japan, the odorous compounds geosmin and 2-methylisoborneol are included in the quality standards for drinking water (their concentrations should be <10 ng/L), and water suppliers are struggling to provide good-tasting drinking water. Dolichospermum crassum (Lemmermann) Wacklin, Hoffmann et Komárek (syn.:
Anabaena crassa (Lemmermann) Komárková-Legnová et Cronberg), which belongs to the Cyanophyceae, is the major producer of geosmin in eutrophic lakes in temperate areas of the world. The water in Kobe City has also been suffering from a musty odor, mainly due to geosmin produced by D. crassum, since the mid-1990s. Chemicals such as copper sulfide have been widely used to kill such algal blooms. However, this is not a perfect solution. Several types of bacteria have been reported to demonstrate algicidal activity against harmful plankton in marine coastal systems (Imai et al. ; Harvey et al. ) and eutrophic lakes and ponds (Li et al. ) . Such bacteria are found at high densities in the biofilms attached to seaweed (Imai et al. ) . Therefore, algicidal bacteria have potential as an environmentally friendly tool for controlling cyanobacterial blooms.
In reservoirs, many bacteria have been found to attach to the trichomes of D. crassum, and we assume that some of them affect the growth of the plankton. However, so far there have not been any reports about algicidal bacteria that attack D. crassum. In 2010, we successfully isolated algicidal bacteria that attack D. crassum from the Karasuhara Reservoir, which is a water source in Kobe City.
Here, we describe several properties of the isolated algicidal bacteria.
Then, pure cultures of heterotrophic bacteria were obtained by inoculating each colony onto R2A agar medium.
Algicidal assay
For the algicidal assay, axenic D. crassum (1.2 × 10 4 cells ml À1 ) was prepared using CT medium (Watanabe & Ichimura ) . Each colony of isolated heterotrophic bacteria was collected and inoculated into 3 ml of the D. crassum culture in sterilized glass tubes. The tubes were then incubated at 25 W C under a photon flux density of 21 μmol m À2 s À1 and a 16 h light-8 h dark photo cycle for 7 days. The tubes in which D. crassum was destroyed were considered to be algicidalpositive.
DNA extraction from algicidal bacteria
Colonies of bacteria were collected from R2A agar plates and added to 180 μl of ATL buffer (DNeasy Tissue Kit, Qiagen, Tokyo, Japan) in polymerase chain reaction (PCR) tubes. They were then subjected to five cycles of freezing at À80 W C for 3 min and thawing at 37 W C for 1 min. After that, DNA was extracted with the DNeasy tissue kit according to the manufacturer's recommended procedures.
PCR amplification of algicidal bacteria DNA
To analyze the phylogenetic classification of algicidal bacteria, full-length 16S rDNA was amplified with the 27f and 1492r primer set ( 
Sequencing and phylogenetic analysis
The amplified DNA fragments were sequenced via the dideoxy method using an ABI 3730xl DNA analyzer (Applied Biosystems, Tokyo, Japan). The full-length 16S rDNA sequences of the algicidal bacteria were determined by overlapping 
Nucleotide sequence accession numbers
The 16S rDNA sequences of the algicidal bacteria were deposited in the GenBank database under the following accession numbers: K-12, LC054835; K-28, LC054836;
K-44, LC054837.
Effects of bacterial density on algicidal activity
The algicidal bacteria (strain K-44) were incubated in R2A liquid medium at 20 W C. Cell suspensions of algicidal bacteria in the logarithmic growth phase were inoculated into 30 ml of the D. crassum cultures (8.7 × 10 4 cells ml À1 ) in plastic flasks at initial densities of 1.0 × 10 2 and 1.0 × 10 4 cells ml À1 .
Cultures that had not been inoculated with the bacteria served as controls. Then, the cultures were incubated in the same conditions as described in the algicidal assay. The assay was conducted in triplicate. 
RESULTS AND DISCUSSION
Growth of phytoplankton Figure 1 shows the surface water temperature of the reservoir. The water temperature increased from April to September, when it peaked at 31.1 W C, and then decreased to a minimum of 3.1 W C in February. The total number of phytoplankton cells changed markedly from 270 to 330,000 cells ml À1 during the observation period, and these changes were water temperature-dependent ( Figure 2) .
Two peaks were observed, the first was in July (330,000 cells ml À1 ), and the second was in October (120,000 cells ml À1 ). Cyanophyceae dominated from July to December, and algal blooms occurred throughout the season. D. crassum was detected from August to November.
Its frequency increased to 2.8 × 10 4 cells mL À1 on October 4, when it accounted for 23% of all phytoplankton cells.
After that, the frequency of D. crassum decreased rapidly, and it had disappeared by December. The musty odor of the reservoir became stronger with the growth of D. crassum, and a distinct smell was present around the reservoir 
Isolation of algicidal bacteria
Heterotrophic bacteria were isolated from the surface water after the number of D. crassum had started to decrease. The number of heterotrophic bacteria was 3.9 × 10 3 colony-forming units ml À1 . Three strains out of the 47 isolates showed clear algicidal activity (K-12, 28, and 44). D. crassum was digested within a few days when it was inoculated with these strains. The algal culture became clear after the digestion procedure. During microscopic examinations, many bacteria were found to have attached to the mucilaginous sheathes of D. crassum (Figure 4) . probably protects D. crassum to some extent from bacterial attack by reducing its surface area. Thus, we suggest that the amount of attached bacteria and trichome morphology are useful indicators for predicting the dynamics of D. crassum in water.
Phylogenetic analysis
Sequencing of the full-length 16S rDNA molecule revealed that the three algicidal bacterial strains all belonged to the genus Rheinheimera (Chromatiaceae, Gammaproteobacteria) ( Figure 5 ). Strain K-12 showed 99.4% sequence similarity to Rheinheimera texasensis (NR 043133), strain K-28 demonstrated 98.5% sequence similarity to Rheinheimera chironomi (NR 043699), and strain K-44 displayed 99.7% sequence similarity to Rheinheimera texasensis (GQ284452). In the microscopic examinations, all of the bacteria were rod-shaped and motile, and their colonies were circular, smooth, and non-pigmented. The medium around the K-28 colonies became gray in color during their incubation on R2A plates. we confirmed that this strain produced hydrogen peroxide.
We suppose that this substance is related to algicidal When the inoculation was performed at an initial bacterial density of 1.0 × 10 2 cells ml À1 , the frequency of D. crassum was slightly increased at 1 day after the inoculation procedure (A), but had decreased by 4 days after the inoculation procedure. When the inoculation was performed at an initial density of 1.0 × 10 4 cells ml À1 , the frequency of D. crassum was markedly decreased at 2 days after the inoculation procedure (B). On the other hand, in the absence of the inoculation of algicidal bacteria the frequency of D. crassum continued to increase until the end of the experiment. The density of the algicidal bacteria increased rapidly after the inoculation procedure and peaked after 2 days in the experimental cultures, with initial densities of 1.0 × 10 2 cells ml À1 and 1.0 × 10 4 cells ml À1 . The rate of reduction in the frequency of D. crassum accelerated as the initial bacterial density increased. The inoculation of a small amount of bacteria induced algicidal activity; hence, we postulate that the K-44 strain is an effective predator of D. crassum. It is suggested that algicidal bacteria have the potential to control D. crassum levels in water environments, and further investigations are needed to examine the seasonal dynamics of algicidal bacteria in reservoirs and the mechanisms responsible for algal bloom termination.
CONCLUSION
We isolated 3 strains of algicidal bacteria that attack D. crassum from the Karasuhara Reservoir when the frequency of D. crassum was in its decreasing phase. These bacteria effectively killed and digested akinetes and trichomes. They were identified as Rheinheimera chironomi and Rheinheimera texasensis according to their 16S rDNA sequences. These bacteria have the potential to control D. crassum in reservoirs.
